Introduction 31
Wild European rabbits (Oryctolagus cuniculus) are one of Australia's most invasive 32 vertebrate pests, directly threatening over 300 native plant and animal species and costing 33 Australian agriculture over $200 million AUD annually. Wild rabbits are currently controlled 34 using an integrated approach involving both conventional pest management methods, such 35 as shooting and poisoning, and biocontrol agents, principally rabbit caliciviruses (Le Pendu 36 et al., 2017) . It is feasible that synergism between virus variants could be exploited to 37 maximise the effectiveness of biocontrol programs, however this requires knowledge of prior 38 infection history in different wild rabbit populations. Five pathogenic rabbit caliciviruses have 39 thus far been reported in Australia: 1) the original V-351 RHDV (GI.1c) deliberately released 40 as a biocontrol agent in the mid-1990s, and its descendants; 2) an additional rabbit 41 biocontrol agent and released nationwide in March 2017 (Invasive Animals CRC, 2014); 3) a 42 GI.1a variant, later identified as a recombinant GI.4e-GI.1a (subsequently referred to as 43 GI.1a-Aus) (Mahar et al., 2018) ; 4) a recombinant GI.1b-GI.2 virus (also known as RHDV2 or 44 RHDVb) (Hall et al., 2015) ; and 5) a recombinant GI.4e-GI.2 virus, comprising the non-45 structural genes of GI.1a-Aus and the structural genes of GI.2 . 46
Both molecular and serological methods have previously been used to monitor rabbit 47 calicivirus activity across Australia. Molecular methods are relatively quick, accurate, and 48 sensitive, however, sample collection is extremely biased, with most wild rabbits dying in 49 inaccessible locations and/or being removed by scavengers before collection. Serological 50 testing works well as a population tool to identify previous exposure of populations to rabbit 51 caliciviruses (Cooke et al., 2000; Cox et al., 2017) . However, the confidence and power of 52 the conclusions drawn from results of serological testing depends strongly on the sample 53 size, and collection of shot samples from multiple animals requires considerable time and 54 person resources. Furthermore, serological tools are only able to broadly distinguish 55 between GI.1 and GI.2 viruses, and accurate identification to the variant level and of mixed 56 infections is challenging due to cross-reactivity between assays (Strive et al, in preparation) . 57
Due to the limitations of existing methods, a less biased and more systematic sampling 58 method is required for surveillance of rabbit calicivirus activity across Australia, firstly to 59 determine the spatial and temporal distribution of specific virus variants and subsequently to 60 infer the interactions between the different viruses. 61
Carrion flies have long been known to be able to mechanically transmit rabbit 62 caliciviruses (Asgari et al., 1998 Sarcophaga, and Oxysarcodextia species), as well as in two species of Aedes mosquitos 66 (Asgari et al., 1998; McColl et al., 2002; Henning et al., 2005) . It was further shown that virus 67 was detectable in flies for more than 11 days, however, virus was only detectable on the legs 68 of flies for 7 hours (Asgari et al., 1998) . Virus has also been detected in flyspots (faecal and 69 regurgitation spots) by RT-PCR, and it has been demonstrated that flyspots contained 70 sufficient virus to cause disease when used to infect susceptible rabbits by oral infection 71 (Asgari et al., 1998) . Transmission trials have also shown that bush flies (Musca 72 vetustissima) fed on carcasses of GI.1c-infected rabbits were able to naturally transmit 73 infection to susceptible rabbits (McColl et al., 2002) . 74
Since carrion flies are relatively easy and inexpensive to collect, they could prove a 75 valuable additional systematic sampling tool for landscape scale monitoring of RHDV activity 76 using high-sensitivity molecular detection methods. As the genetic diversity of rabbit 77 caliciviruses has greatly increased in Australia in recent years, and several virus variants 78 may co-circulate at the same time, the aim of this study was to develop molecular tools and 79 protocols to reliably detect circulating rabbit caliciviruses in carrion flies to the virus variant 80 level. These tools were subsequently validated by analysing carrion flies sampled at two 81 sites closely monitored for rabbit calicivirus activity over a period of 22 months. 82 placed in specimen jars covered with a gauze swab to prevent flies coming into direct 92 contact with the bait (Figure 1 ). Traps were left out for one to seven days and upon collection 93
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were briefly frozen at -20 °C to immobilise flies before flies were transferred to storage 94 containers at -20 °C. Fly traps and all components (except bait) were soaked in 10% 95 household bleach for 30 minutes before being rinsed and re-used. 96
Optimisation of pooling strategy 97
To optimise the pooling strategy (number and species of flies per pool) an early field 98 collection (Black Mountain 25/11/2016) that contained a large number of flies and was 99 positive for GI.4e-GI.2 rabbit calicivirus was used. We elected not to use laboratory-spiked 100 samples since this field collection more accurately represents the characteristics of our final 101 target collections. 102
To determine the effect of fly species on viral load and analytical sensitivity, four to five 103 flies of five different species (based on morphological identification) were examined 104 individually for the presence of virus. RNA was extracted and RT-qPCR and RT-PCR were 105 conducted as described below. Species was confirmed by amplifying a region of 106 mitochondrial DNA using the primers C1-J-2495 and C1-N-2800 (Wells and Sperling, 2001) 107 and Platinum Taq DNA polymerase (Life Technologies) as per manufacturer's instructions. 108
Sanger sequencing was then conducted at the Australian Cancer Research Foundation 109 Biomolecular Resource Facility, and sequences were analysed for the closest genetic match 110 using NCBI Blastn against the nr database as implemented in Geneious 11.1. 111
To determine the effect of fly number on analytical sensitivity, we prepared five 112 replicate pools containing either one, three, five, or ten flies (mixed species) per pool. RNA 113 was extracted and RT-qPCR and RT-PCR were conducted as described below. 114
Optimisation of RNA extraction method 115
To determine the effect of alternative homogenisation buffers and pre-extraction 116 freeze-drying on analytical sensitivity, we prepared 12 replicate pools containing ten flies 117 (mixed species) per pool. RNA was extracted from pools as follows: three pools using the 118 standard protocol described below; three pools using a modified protocol incorporating 119 freeze-drying of flies; three pools using the standard protocol with an alternative 10 mM Tris-120 HCl pH 8.5 homogenisation buffer containing 10 York). Once dry, samples were homogenised using a Precellys 24-dual tissue homogeniser 137 (Bertin Technologies). Ten volumes of homogenisation buffer was then added per mg of dry 138 fly tissue. Samples were heated, clarified, and mixed with lysis buffer as described above. 139
All RNAs were stored at -80 °C. 140
RT-qPCR and endpoint strain-specific PCRs 141
To compare analytical sensitivity during validation, viral loads were quantified using a 142 SYBR-green-based RT-qPCR for the generic detection of all Australian rabbit caliciviruses, 143 as described previously . Detections were confirmed using the strain-144 specific lagovirus multiplex RT-PCR assay described previously . RNAs 145 were diluted 1/10 in nuclease-free water prior to RT-PCR and were used undiluted as 146 template in the RT-qPCR assay. 147
For routine monitoring of field-caught fly samples, a serial testing procedure was 148 used where samples were first run through the universal RT-qPCR assay and those samples 149 with virus loads greater than 1000 capsid gene copies per μ l of RNA (cut-off derived during 150 validation) were subsequently analysed using the strain-specific RT-PCR assays in 151 singleplex format for virus variant identification. 152
Strain identification in rabbits and hares 153
Liver samples from rabbits and hares found dead at Black Mountain or 154
Murrumbateman were screened for rabbit caliciviruses using previously reported methods 155 . No animal ethics permit is required in Australia for sample collection from 156 rabbits or hares that are found dead. 157 158
Results
159
A series of experiments was conducted to validate and optimise molecular testing 160 protocols for the strain-specific detection of rabbit caliciviruses in carrion flies. Specifically, 161
we focussed on optimising the pooling strategy (number and species of flies from individual 162 traps) and RNA extraction method using flies from a single known-positive field collection. 163
We then assessed the suitability of existing RT-qPCR and RT-PCR assays for detection of 164 rabbit caliciviruses in fly RNA. These existing assays were developed for use on liver RNA, 165 although other sample types including bone marrow, whole blood, maggots, and skin have 166 also been used for testing and returned positive results (unpublished data). Once an optimal test procedure was determined, we used these protocols to monitor rabbit calicivirus 168 circulation in the environment using carrion flies over a 22 month period at two locations, 169
Murrumbateman (NSW) and Black Mountain (ACT), approximately 35 km apart. 170
Species or number of flies does not affect sensitivity of detection 171
Five different fly species were tested to determine whether virus load correlated with 172 species. Individuals were identified morphologically as either Calliphora augur, C. 173 canimicans bezzii, C. stygia, Chrysomya rufifacies, or Chrysomya varipes (Wallman, 2001) . 174
A region of the mitochondrial DNA of these individuals was also sequenced to verify species 175 identity. Species was confirmed in most cases, with a few exceptions. One individual 176 morphologically identified as C. stygia was genetically classified as C. hilli hilli and all C. (Figure 2b) . 189
Optimisation of RNA extraction protocols for rabbit calicivirus detection in 190 carrion flies 191
When processing larger pools of flies it became apparent that for increased 192 throughput an alternative homogenisation buffer would be required, since the volume of 193 commercial homogenisation buffer provided in the kit was insufficient. We therefore 194 compared two alternative homogenisation solutions, either 10 mM Tris-HCl pH 8.5 or 1x 195 PBS, both containing 10 μ l.ml -1 β -mercaptoethanol to inactivate environmental RNases, with 196 the commercial buffer. We also assessed the suitability of freeze-drying flies prior to RNA 197 extraction, in order to quantitate virus load on a dry matter basis. No significant differences in 198 viral load were observed between freeze-dried or fresh flies or between the alternative 199 homogenisation buffers used (Figure 3) . 200
Modification of existing RT-qPCR and RT-PCR assays enabled robust detection 201 of rabbit caliciviruses in carrion flies to the virus variant level 202
An optimised RNA extraction protocol that included freeze-drying of flies was then 203 based RT-qPCR and those above the limit of quantification of the assay (i.e. 100 capsid 207 copies per µl of RNA) were subtyped using a strain-specific RT-PCR. Of the 99 pools 208 collected over the sampling period, 49 (49%) samples had viral loads above this limit of 209 quantification. When using the RT-PCR in multiplex format, frequently non-specific bands 210 were present that made interpretation very challenging, despite diluting the RNA template to 211 mitigate the effects of PCR inhibitors that may be present. To try to avoid the formation of 212 these non-specific bands, subtyping was performed using singleplex RT-PCR assays for 213 each virus variant (i.e. GI.1, GI.2, GI.1a-K5, GI.1a-Aus). Based on these singleplex endpoint 214 RT-PCR results, a virus strain was unambiguously assigned for 24 of these 49 samples 215 (49%) (Figure 4) There was no significant difference in detection sensitivity between the fly species 251 tested, namely Calliphora augur, C. hilli hilli, C. stygia, Chrysomya rufifacies, Chrysomya 252 varipes or an unidentified calliphorid species (presumably C. canimicans bezzii based on 253 morphological identification). All individuals were obtained from a single collection, and viral 254 RNA was detected in amounts greater than the limit of detection of the assay in all flies 255 tested except a single Chrysomya rufifacies. Since it is unlikely that 100% of flies carry rabbit 256 calicivirus at any given point in time, this suggests that contamination between flies occurs 257 within a trap, probably through contact with flyspots excreted from infected flies (Asgari et 258 al., 1998) . Detection sensitivity was also found to be independent of the number of individual 259 flies pooled for RNA extraction, at least for pool sizes between one and ten individuals. January. This similarity is not surprising, given that the distance between these locations is 288 only 35 km and rabbit caliciviruses can spread at rates of up to 400 km per month during 289 autumn and spring (Kovaliski, 1998) It should be noted that not all fly samples collected during outbreaks were positive. 316
There is a high rate of negative or inconclusive samples, particularly when using the 317 stringent threshold we have selected. This hampers the interpretation of single fly 318 collections. This suggests that sampling of carrion flies to monitor calicivirus activity may be 319 best suited for temporal sampling, with samples collected regularly, and probably not less 320 than once a month, although sampling frequency for optimal monitoring has not been 321 modelled or experimentally determined at this stage. To function as a tool to guide wild 322 management control programs and disease control and prevention programs in domestic 323 rabbits, regular long-term sampling would be required. To instigate a national systematic 324 sampling network, the spatial scales at which calicivirus dynamics change in flies still needs 325 to be investigated. The fly sampling method reported here provides a robust and efficient 326 additional method to monitor broad-scale epidemiological patterns of rabbit calicivirus activity 327 that could be used to help guide wild rabbit management programs. 328 Total RNA was extracted and viral load was quantified by RT-qPCR. For samples with viral 427 loads >1000 capsid copies per µl of RNA, virus variant was determined by strain-specific 428 endpoint RT-PCR. Lagomorphs (i.e. rabbits or hares) found dead at these locations over the 429 sampling period and that were positive for rabbit calicivirus were plotted as points at 1 × 10 6 430 capsid copies per µl of RNA for visualisation purposes. 431
